We study the radiative pion decay of π + → e + ν e γ in the light front quark model (LFQM). We also summarize the result in the chiral perturbation theory. The vector and axial-vector hadronic form factors (F V,A ) for the π → γ transition are evaluated in the whole allowed momentum transfer.
I. INTRODUCTION
The light pesudoscalar decays have been playing important roles of understanding the standard model (SM). In particular, the radiative pion decay of π + → e + ν e γ (π e2γ ) is an interesting process, which can be used to test the V − A structure of the weak interaction and search for some anomalous interactions beyond the SM. The decay consists of two types of contributions, referred as internal-bremsstrahlung (IB) and structure-dependent (SD) in terms of the emission of the photons, respectively. The IB contribution to the decay amplitude (M IB ) is helicity suppressed like the π e2 decay as the photon radiates from the external electron, while the SD one (M SD ), depending on vector and axial-vector weak hadronic currents, is proportional to the electromagnetic coupling constant α but free of the helicity suppression. One can parametrize M SD by the vector and axial-vector form factors, denote as F V and F A , respectively.
The decay of π + → e + ν e γ has been measured with the branching ratio of (1.61±
0.23)×10
−7 for the cuts of E γ > 21 MeV and E e > 70 − 0.8E γ by the ISTRA experiment [1, 2] . Recently, a more precise measurement on the decay branching ratio has been
given by the PIBETA Collaboration [3, 4] , with the decay branching ratios in various kinematic regions. In particular, for the cuts of E e > 0. 5 MeV and E γ > 10 MeV with the relative angle θ eγ > 40 0 , the decay branching ratio is (73.86 ± 0.54) × 10 −8 [4] . The new ongoing PEN experiment at PSI will at least double the PIBETA data set [5] , resulting in further improvements in precision [6] . In addition, there is another ongoing new experiment, PIENU, at TRIUMF [7] with a similar sensitivity as the PEN experiment.
Theoretical calculations on F V,A as well as the decay branching ratio in the SM have been done in various QCD models [11] [12] [13] [14] [15] [16] [17] . In particular, the decay branching ratio with the same cuts as those by ISTRA [1, 2] and PIBETA [4] is found to be 2.55×10 −7 and 76.66×10 −8 in the chiral perturbation theory (ChPT) at O(p 6 ) [8] [9] [10] , which are larger the data shown above, respectively. As a result, it may be necessary to consider some new types of interactions, such as tensor interactions [1, [11] [12] [13] [14] [15] . It is clear that these tensor interactions are undoubtedly signals of new physics. On the other hand, it is important if we can obtain information on F V,A in some QCD models other than the ChPT. For this purpose, in this study we will evaluate F V,A in the light front quark model (LFQM) [18, 19] . We will use the form factors in both ChPT and LFQM to examine the decay of π + → e + ν e γ. In addition, we will examine the new physics effect due to the tensor interactions.
This paper is organized as follows. In Sec. II, we summarize the form factors in the π → γ transition within the ChPT and LFQM. In Sec. III, we calculate the decay branching ratio of π + → e + ν e γ in these models. We also compare our results with the experimental data and other theoretical predictions in the literature. We give our conclusions in Sec. IV.
II. THE FORM FACTORS
A. Vector and Axial-vector Form Factors
The decay amplitude for π + → e + ν e γ can be written as: [20, 21] 
where ǫ α is the photon polarization vector, p π , p e , p ν , and q are the four momenta of π + , e + , ν and γ, and f π and F A,V are the π meson decay constant and the axial-vector and vector form factors, defined by
respectively, with p = p π − q being the transfer momentum. Obviously, M IB has a suppression factor of m e . The physically accessible kinematics region is 0 ≤ p 2 ≤ p 2 max = m 2 π due to the time-like momentum transfers. In the following discussion, we will first summarize the formulas for F V,A in the ChPT [9, 10] and then evaluate these form factors in the LFQM. We note that similar calculations for the P → γ (P = K + , K 0 , D, B) transitions in the LFQM have been performed in Refs. [22] [23] [24] .
Chiral Perturbation Theory
The tree and loop contributions to F V,A in the ChPT at O(p 6 ) for the π e2γ decay have been calculated in Refs. [9, 10] . The explicit forms can be summarized as [22] 
where the wave function and decay constant ( , respectively. For some other possible sets of coefficients, see Ref. [10] as well as the recent review in Ref. [29] . Note that the uncertainties for the renormalized coupling constants are not considered in this study.
Light Front Quark Model
In the light front (LF) approach, the general structure of the phenomenological LF meson wave function is based only on the Qq Fock space sector [22] . The pion wave function can be expressed by an anti-quarkq and a quark Q with the total momentum (p + q) as:
where Φ
is the amplitude of the correspondingq(Q) and k 1 (2) is the on-mass shell LF momentum of the internal quark. The LF relative momentum variables (z, k ⊥ ) are defined
and
where φ(z, k ⊥ ) is the space part of the wave function, which is taken to be a Gaussian type but it can be solved in principle by the LF QCD bound state equation [24] . At the quark loop diagram, the hadronic matrix elements in Eq. (2) can be obtained to be
where Λ π is a vertex function related to the quark-antiquark bound state of the π meson,
where
with {on} representing the on-shell particles. Note that the vertex function Λ π in Eqs. (8) and (9) include the normalization factor of the wave function and momentum distribution function, given by [19] :
Note that in Eq. (11), we have take m q = m Q , i.e., m u = m d for π. To calculate the matrix element in Eq. (9), we choose a frame with the transverse momentum p ⊥ = 0 so that p 2 = p + p − ≥ 0 covers the entire range of the momentum transfers. Here, the relevant quark momentum variables are
By considering the good component as "µ = +", the hadronic matrix elements in Eq. (2) can be rewritten as:
Using Eq. (12), the trace part I µ in Eq. (10) can be carried out. By comparing the last two equations in Eq. (13) with those in Eq. (9), we derive
We note that to evaluate the form factors, we have to fix the meson scale parameter ω π in the meson wave functions by fitting the meson decay constant, given by [30] 
B. Tensor Form Factor
The tensor interaction is given by [11, 14] 
The tensor form factor is defined by [14] :
For the LF good component of "µ = +", one rewrites Eq. (18) as
At the quark level, the hadronic matrix element in Eq. (18) is found to be
which leads to
From Eqs. (19) and (21), we obtain
At the maximal recoil of p 2 = 0, we have Table I . The results in FIG. 5.
as a function of the transfer momentum p 2 .
270 MeV, respectively.
III. DECAY BRANCHING RATIO
In the π + rest frame, we obtain the double differential decay rate as
with
where x = 2E γ /m π , y = 2E e /m π , r e = m 2 e /m 2 π and λ = (x + y − 1 − r e )/x. One can also relate the angle θ eγ between the e + and photon momenta with y and λ. Explicitly, by neglecting the r e , one has that
The physical regions for x and y are given by
In Table II , we show the decay branching fractions of π ± → e ± ν e γ in terms of the various contributions in Eq. (28) In Table III , we give the decay branching ratio of π → eν e γ in various kinematic energy regions in (a) the ChPT at O(p 4 ), (b) the ChPT at O(p 6 ), (c) the LFQM, (d) the green function method [16] and (e) the ChPT with a large N C expansion [17] as well as the data in Ref. [4] . Here, we have used m u,d = 250 MeV in the LFQM. The errors in the parentheses of our results in Table III are from the decay of π → eν. However, it should be noted that large uncertainties could arise from the various normalized coupling constants and the light quark masses in the ChPT and LFQM, respectively. In Fig. 6 , we display the spectrum of the differential decay branching ratio as a function of x = 2E γ /m π in the ChPT at both O(p 4 ) and O(p 6 ) are higher than those of the experimental data, which can be understood from Table I well with the data [4] , it could lead to a strong constraint on new physics. We now examine the contribution to the decay from the tensor interaction in Eq. (17) . From Eqs. (17) and (18), one obtains the new tensor contribution as
Due to the above tensor interaction, Eq. (27) should be rewritten as follows: 
Integrating over x and y variables in Eq.(33) and using the form factor in Eq. (23), we get the tensor related parts of the branching ratio as shown in Table. IV. To evaluate the have also given other results in the literature including the single tensor form factor fitted by PIBETA [4] . We note that our result in the LFQM and that by PIBETA correspond to −1.0×10 −3 < f T < 1.66×10 −3 and −5.2×10 −4 < f T < 4.0×10 −4 at 90% C.L., respectively.
IV. CONCLUSIONS
We have studied the momentum dependent π → γ transition form factors F A,V (p 2 ) in the ChPT and LFQM. In particular, we have found that F A (0) = 0.0112, 0.0102, and
